The X-ray excited Auger electron spectroscopy (XAES), X-ray photoelectron spectroscopy (XPS) and elastic peak electron spectroscopy (EPES) methods were applied in investigating samples of nanocrystalline diamond and highly oriented pyrolytic graphite of various C sp 2 /sp 3 ratios, crystallinity conditions and grain sizes. The composition at the surface was estimated from the XPS. The C sp 2 /sp 3 ratio was evaluated from the width of the XAES first derivative C KLL spectra and from fitting of XPS C 1s spectra into components. The pattern recognition (PR) method applied for analyzing the spectra line shapes exhibited high accuracy in distinguishing different carbon materials. The PR method was found to be a potentially useful approach for identification, especially important for technological applications in fields of materials engineering and for controlling the chemical reaction products during synthesis.
introduction
The recent attention focused on different carbon-based materials, like hydrogenated amorphous carbon (a-C:H), [1] [2] [3] [4] [5] [6] [7] graphite, [1] [2] [3] [4] 8, 9 highly oriented pyrolytic graphite (HOPG), 8 fullerene, 4, 8 carbon nanotubes (CNT) 10 and nanocrystalline diamond (NCD) 1-3,9,11,12 is due to their potential industrial applications and unique combinations of mechanical, electrical and optical properties in the infrared region. The microscopic physical and chemical properties of carbon materials depend strongly on the C sp 2 /sp 3 ratio as well. The carbon materials, e.g. CNT and HOPG, metal/alloy-based technology, seem to be promising for catalysis and/or hydrogen effective/safe gas storage. 10, 13 The carbon atoms hybridize as sp 3 (typical diamond structure), sp 2 (two-dimensional graphite layered structure) or sp 1 (one-dimensional structure). The amorphous and hydrogenated amorphous carbon usually contains a mixture of C sp 3 and C sp 2 hybridizations with a negligible number of C sp 1 hybridizations. Their fraction may be determined by several methods. The most important are X-ray photoelectron spectroscopy (XPS), [1] [2] [3] [4] 11 Auger electron spectroscopy (AES) or X-ray induced AES (XAES), [1] [2] [3] 9 and electron energy-loss spectroscopy (EELS). 1, [4] [5] [6] [7] [8] The XPS and XAES/AES methods probe the excitation of a core electron to continuum within an information depth that is dependent on the electron kinetic energy (KE) and the geometry of measurement. These methods are sensitive to the local potential and characterize the chemical environment of specific atoms. The C 1s and C KLL spectra comprise the binding energy (BE) values of graphite and diamond and their shapes depend on atomic densities. The Auger transition originating from C KV(2pπ)V(2pπ) and C KV(2pσ)V(2pπ) transitions at KE of 270 eV results in a large value of full width at half maximum (FWHM), where the FWHM is proportional to the concentration of pπ electrons (C sp 2 hybridizations). The Auger C KLL first derivative spectrum line width can be described by the distance between the maximum and the minimum; this is called a parameter D. The linear interpolation of parameter D values for graphite and diamond allows for evaluation of the C sp 2 /sp 3 content in amorphous carbon. [1] [2] [3] The NEXAFS and EELS techniques are currently considered as the most reliable methods for determining the Csp 2 /sp 3 ratio. The methods consider the intensity and energy values of π and π + σ plasmon features. 2, 4, [5] [6] [7] The electron spectroscopy spectra line shape changes result from different electron transition probabilities. They also appear in the background consisting of electron quasi-elastic energy losses on atoms, 14 the electron bulk and surface inelastic energy losses on plasmons, and the respective collective oscillations due to solid-state effects. 8 For crystalline materials electron incoherent/coherent scattering may also influence the line shapes. The approach that considers the comparative line shape analysis in electron spectroscopy methods (XPS, XAES and EPES) using the pattern recognition (PR) algorithm has already been applied to selected systems, e.g. Ref. 15 .
The carbon materials, like NCD and HOPGs, with different content of C sp 2 /sp 3 bonds, crystallinity conditions, grain sizes and surface contamination levels are investigated. The reliability and sensitivity of the PR method applied to XPS, XAES and elastic peak electron spectroscopy (EPES) spectra line shapes recorded from different carbon surfaces are investigated. The consistency and accuracy of several approaches for evaluating the C sp 2 /sp 3 hybridizations are tested and compared.
Pattern recognition method
The PR method deals with objects, in our case spectra, represented in n-dimensional Euclidean space. The spectra representation in the PR method accounts for the line shape while neglecting the spectra absolute intensity and the binding energy shifts (ΔBE), which in XPS allow for determination of the composition and atomic chemical state, respectively. Every spectrum is represented in n-dimensional space as an n-dimensional vector (or point), X(xj), where xj, j = 1, 2,…, n, are the vector (or point) components, corresponding to intensities recorded at the j energy channel. The measured spectra require intensity and energy normalization. For intensity normalization we apply the following formula:
where xmax and xmin are the maximum and minimum intensity values of the n-dimensional vector and j = 1, 2, …, n. The energy normalization shifts all the maximum values to a common j channel. Some typical EPES spectra recorded from NCD and UHV cleaved HOPG sample, denoted as HOPGZYH_c, at KE of 500 eV are shown in Fig. 1 . These spectra are recorded as n = 23 intensity points, i.e. they are described by 23 features. Thus, they can be represented as 23-dimensional or less than 23-dimensional vectors. These spectra vectors are called objects, whereas their components are called features. Each set of spectra recorded from the same sample and represented as n-dimensional vector points (objects) is burdened by a statistical error of the measurement. Then, the spectra recorded from the sample of the same chemical state create a cluster of points called a class. The set of spectra with known class membership is referred to as a reference set. The reference set is applied for classifier construction and next for identification of an unknown object by assigning it to one of the classes in the reference set. The classifier is evaluated by combining every vector "a priori" class membership with "a posteriori" class membership. The pattern recognition method applied in calculations is based on a distance measure. For the number of vector features, n, the distance, dl,p, between two n-dimensional vectors Xl(xj) and Xp(xj) is evaluated from:
where j = 1, 2, …, n. The classifier applied in the present work is based on the algorithm called the k-nearest neighbors (kNN), 16 where for a given number of k, the vector point (object) is ascribed to the class most frequently represented among its k-nearest neighbors. The value of k is established with the use of the leave-one-out method. 17, 18 It consists in classification of each object X(xj) in the reference set by the kNN rule operating with this reference set decreased by the object X(xj) being currently classified. In this way, the classification rule does not depend on the object X(xj) being currently classified, since the object X(xj) is temporally rejected from the reference set. Some of the objects can be misclassified. The error rate Ek can be calculated from the following formula:
where m is the number of vectors in the reference set and Δmk is the number of misclassified vectors from the reference set. These values of Ek are evaluated for k = 1, 2, …, m -1, using the leave-one-out method, mentioned above. Then, the classifier operating with the value of k corresponding to the minimum value of Ek is selected in the identification phase of new objects. The optimization of classifier, i.e. obtaining minimum Ek value, requires the feature selection. A typical such result of feature selection resulting in 3-dimensional representation of EPES spectra recorded at KE of 500 eV from NCD and HOPGZYH_c is shown in Fig. 2 . Two classes of objects in the reference set (m = 42) are represented as clusters of points in 3-dimensional feature space, with the features numbered j = 4, 8, 15 indicated in Fig. 1 . The parameters of the given reference set classification are indicated in Fig. 2 .
experimental

Samples
The nanocrystalline diamond sample, denoted as NCD, and three commercially characterized highly oriented pyrolytic graphite (HOPG) samples (Micromasch, Estonia), denoted as ZYH (grade SPI-3), ZYB (grade SPI-2) and ZYA (grade SPI-1), were investigated. More details are given below:
(1) NCD: its preparation is described in detail elsewhere, 11 it exhibits grain sizes of 50 -100 nm and about 90% of C sp 3 bonds are found at the near-surface region;
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(2) HOPGZYH exhibits mosaic angle 3.5 ± 1.5 , low crystallinity and grain sizes of 30 -40 nm; (3) HOPGZYB exhibits mosaic angle 0.8 ± 0.2 , medium crystallinity and grain sizes of 0.5 -1.0 mm; (4) HOPGZYA exhibits mosaic angle 0.4 ± 0.1 , high crystallinity and grain sizes of 3 -10 mm. The quantification of oxygen content by the relative sensitivity factor method 19 at surfaces of NCD and HOPGs indicated the following oxygen content: NCD, 2.8 at%, HOPGZYH, 6.5 at%, HOPGZYB, 5.4 at% and HOPGZYA, 7.7 at%. No oxygen contaminations were observed at cleaved HOPGs, denoted as HOPGZYH_c, HOPGZYB_c and HOPGZYA_c.
Apparatus
The measurements were carried out at room temperature in an ADES-400 (Vacuum Generator, UK) spectrometer equipped with a high-resolution angular resolved analyzer, X-ray source, scanning electron source and Ar + ion source. The energy scale of the spectrometer was calibrated to the Au 4f7/2 line maximum at 84.0 eV.
The XAES and XPS C KLL and C 1s transitions were recorded using the Mg Kα radiation and the analyzer pass energy of 100 eV. The experimental geometry applied the X-ray incidence angle of 70 and the emission angle of 0 , with respect to the surface normal.
The EPES spectra were recorded at electron KE of 500 and 1000 eV with the analyzer pass energy of 20 eV and an electron source with an electron beam current to 8 × 10 -7 A (at 1000 eV).
The experimental geometry applied the primary electron incidence angle of 0 , the electron emission angle of 35 , with respect to the surface normal, and the half-cone acceptance angle of ±4.1 . The carbon materials were investigated by XPS to verify their surface cleanliness. For application of the line shape analysis, the set of several XAES (C KLL), XPS (C 1s) and EPES spectra (at KE of 500 and 1000 eV) were measured. All the measurements were carried out for NCD, and "as-received" and UHV cleaved HOPGs.
results
Chemical bonding and C sp 2 /sp 3 hybridization
For the cleaved HOPGs, the position of C 1s peaks recorded with a high resolution was found at 284.4 eV, whereas for NCD sample the position was 285.0 eV. No influence due to sample crystallinity and grain size on the BE values was found. Larger FWHMs were observed for C 1s spectra recorded from NCD than HOPGs. The FWHMs of spectra recorded from NCD and HOPGs were found to be relatively narrow, about 0.90 and 0.85 eV, respectively. The slightly different values of FWHM obtained for HOPGs indicated the influence of sample crystallinity and grain size on spectra broadening.
The fitting of C 1s spectra after background subtraction indicated 91% of C sp 3 bonds at NCD surface, whereas at cleaved HOPGs the data indicated nearly 100% of C sp 2 bonds. The comparisons of the first derivative C KLL spectra recorded from different carbon materials and the respective parameters D are shown in Fig. 3 For "as received" HOPGs, the values of D are systematically smaller than those for the respective cleaved HOPGs. Differences of about 1.6 eV are observed in the parameter D for cleaved HOPGs of various crystallinity conditions and grain sizes (Fig. 3) .
XAES/XPS and EPES line shapes by the PR method
The line shape analysis by the PR method was applied to C KLL, C 1s and EPES spectra recorded from NCD, and "as-received" and cleaved HOPGs. The typical C KLL spectra, representing spectra averaged over several spectra from the same class, are shown in Fig. 4 . The classifiers developed for selected reference sets containing different spectra are compared in Tables 1 and 2 . A comparison of classifiers and their parameters for reference sets consisting of spectra from (i) NCD, "as-received" and cleaved HOPGs (7 class problem) and from (ii) NCD and cleaved HOPGs (4 class problem) indicates identification of different carbon materials using C KLL spectra, since the values of Ek are zero or close to zero. The respective identification using the C 1s spectra required the feature selection resulting in values of Ek equal to 0.1 and 0.2. The results demonstrated the possibility of identification carbon materials of different crystallinity conditions, grain sizes and C sp 2 /sp 3 ratios (Fig. 3) using the PR method applied to C KLL and C 1s spectra. Such identification for the case of cleaved HOPGs spectra representation given in Fig. 4 is not obvious. For the applied reference set, the classifier based on the EPES spectra was not successful (Table 1) . A comparison of classifiers based on different selected reference sets is given in Table 2 . The classification results obtained without and after feature selection, where values of Ek are zero or close to zero, confirm the ability of identification of carbon materials of various surface contamination, crystallinity conditions, grain sizes and C sp 2 /sp 3 ratios. This is valid for the C KLL and C 1s spectra line shapes. The classifiers based on the EPES spectra line shapes are more efficient for identification of carbon materials with various contamination conditions and C sp 2 /sp 3 ratios. The results of classification for HOPGs of various crystallinity conditions and grain sizes, indicating the values of Ek from 0.2 to 0.5, where 20 and 50% of vectors are misclassified, are not satisfactory (Table 2) .
Surface sensitivity of XAES/XPS and EPES
The surface sensitivity in XAES/XPS and EPES is measured by the mean escape depth (MED) and the mean penetration depth (MPD), respectively. 20 These values depend on the specimen material and the measurement geometry. The MED Fig. 4 The averaged XAES C KLL spectra recorded from carbon samples. Triangles: energy channels representing the most informative features resulting in the best classifier performance. 95 (15) 95 (6) 76 (30) 76 (22) 23 (5) 23 (6) 23 (8) 23 (6) 1 (1) 3 (3) 3 (1) 1 (1) 3 (2) 4 (6) 1 (1) 9 ( (5) 23 (5) 23 (5) 23 (5) 23 (5) 23 (5) 23 (5) 23 (5) 23 (5) 
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defined as an average depth normal to the surface from which the specified particles or radiation escape depends on the emission depth distribution function. 21 By analogy, the MPD depends on the probability density function referred to as the penetration depth distribution function (PDDF). 20 Assuming an electron single scattering model and the values of electron transport parameter for graphite, i.e. the electron inelastic mean free path (IMFP), we list the evaluated values of MED and MPD in graphite in Table 1 . The values of IMFPs in graphite result from the TPP-2M predictive formula. 22 The values of MPD and MED resulting from an electron single scattering model are found to be close to the values resulting from the model of electron multiple scattering. 20 
discussion
The majority of reports on carbon-based materials studying the bonding configuration consider conventional XPS techniques, since these methods cause no surface damage. [1] [2] [3] [4] [5] [6] [7] [8] [9] 11 It was shown that the electron beam methods, i.e. AES, cause structural and bonding configuration damage at diamond-like surfaces, resulting in graphite and/or amorphous carbon formation. 9 The electron irradiation damage increased the fraction of sp 2 bonds even under N2 cooling. 7 At the electron exposure dose of about 2.4 × 10 8 C m -2 , a rapid increase of sp 2 fraction was observed. 7 Similar damage was observed due to ion beam sputtering and annealing. 9 Dimensional changes in nuclear graphite due to electron beam were also reported. 23 In the present work, the n-dimensional distance distribution of EPES spectra from centers of every class (Eq. (2)) exhibits a small scatter of points, remaining uniform without any systematic increase up to an electron dose of 2.1 × 10 2 C m -2
. No evidence for modification of NCD and HOPG surfaces during EPES spectra acquisition was observed.
The results of XPS/XAES methods for characterizing the surface carbon chemical bonds, C sp 2 /sp 3 hybridizations, the crystallinity conditions and grain sizes in carbon samples from analyzing the BE shifts, the parameter D and C 1s spectra fitting, remain in agreement with the literature data. The high-resolution X-ray photoemission studies using the monochromatic Al Kα radiation showed the BE of C 1s in graphite (C sp 2 ) at 284.68 eV to be in agreement with the theory, i.e. 284.4 eV. 24 Other experimental works report the C sp 2 BE between 284.15 and 284.4 eV, the C sp 3 BE between 285.2 and 285.5 eV, whereas their BE separation values range from 0.8 to 1.35 eV. [1] [2] [3] [4] [5] [6] [7] 25 The reason for these discrepancies is the semiconducting nature of diamond. The reported values of parameter D for diamond (100% of C sp 3 ) vary from 13.0 to 14.5 eV, depending on the type of facets and sp 2 contaminations. 1-4 For graphite, this value varies from 21.1 26 to 22.8 eV (HOPG). [1] [2] [3] [4] For doped and oxidized graphite, this value may decreases to 16.3 eV. 26 The effect of line shape changes in electron spectroscopy methods may be predicted theoretically and observed experimentally. As mentioned before, the line shape changes result from different electron transition probabilities, electron quasi-elastic and inelastic losses, and electron coherent/incoherent scattering. The experimental evidence for crystallinity effect in graphite influencing the spectra line shapes in AES, 27 XPS, 28 and EPES 29 was observed elsewhere. The proposed PR approach allows us to identify carbon materials with a very high sensitivity using different spectra and spectra from various information depths. For applied electron spectroscopy methods, the MED and MPD values varied from 4.9 to 17.9 Å. Recent application of the fkNN rule to reference sets consisting of C 1s and C KLL spectra recorded from nanocrystalline diamond and highly oriented pyrolitic graphite provided the classification results with the value of Ek equal to zero. Application of the evaluated classifier to quantitative identification of C sp 2 /sp 3 content at the surface of different density polyethylenes submitted to an electron beam, indicated increasing C sp 2 content, i.e. polyethylene degradation.
30
Conclusions
The PR method analyzing the line shapes of XPS/XAES and EPES spectra recorded for carbon materials indicated a large sensitivity, meaning an ability of identifying content of C sp 2 /sp 3 , the crystallinity conditions and grain sizes. The calculations using the PR method include the statistical and the systematic error of the measurement and the method. The PR approach allows for more general treatment of experimental data without considering the systematic errors resulting from selecting the special functions for the background subtraction and spectra fitting. Therefore, it provides the objective optimized mathematical criterion for classification, where the error rate being zero or at least close to zero implies identification of spectra line shapes. The PR method was found a potentially useful approach for identification of carbon materials for technological applications in fields of materials engineering and for controlling products of synthesis. 
